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OFERATING THE POWER CONVERTER CIRCUIT IN A REVERSE BUCK
MODE IN WHICH THE INPUT VOLTAGE OF THE SECONDARY CIRCUIT
SIDE {5 HIGHER THAN ThHE OUTPUT VOLTAGE OF THE PRIMARY
CIRGUIT SIDE AND ENERGY 15 PROVIDED FROM AN INDUCTOR OF
THE SECONDARY CIRCUIT SiDE TO ThE PRIMARY CIRCUIT SiDE

10

LIMETING AN INDUCTOR CURRENT USING A CLAMP GIRCUIT,

WHEREIN THE INDUGTOR CURRENT FLOWS FROM THE INDUGTOR
OF Trb SECONDARY GIRCUIT SIDE TO THE PRIMARY GIRCGUIT Silb
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ACTIVE-CLAMP CURRENT-FED
PUSH-PULL CONVERTER FOR
BIDIRECTIONAL POWER TRANSFER

BACKGROUND

Electronic power systems typically consist of one or more
power converters controlled by integrated circuits. The
power converters recerve an electrical input having an input
magnitude, frequency, and/or phase at an mput side and
convert the electrical mput to an electrical output at an
output side having a magnitude, frequency, and/or phase. An
1solated bidirectional power converter includes an 1solation
transformer to electrically 1solate the power converter output
stage or secondary side from the input stage or primary side
by arranging the 1solation transformer between the primary
side and the secondary side. For conversion of a low voltage
to a high voltage, one approach includes a bulky capacitor
charger with a capacitor of a few milli-Farads (mF) con-
nected to an 1input of an inverter. Another approach 1s a phase
shift tull bridge 1solated topology for high Vin to low Vout
conversion, but 1t has a startup issue for the reverse low
Voltage to high Voltage application.

OVERVIEW

This document relates generally to switching power con-
verters and methods of their operation. An apparatus
example includes a bidirectional power converter circuit.
The power converter circuit includes a primary circuit side
including a plurality of primary switches, an isolation trans-
former, and a secondary circuit side separated from the
primary circuit side by the isolation transformer. The sec-
ondary circuit side includes an inductor, a rectifier circuit
coupled to the inductor and configured to receive energy
from the primary circuit side and provide energy to the
primary circuit side, and a clamp circuit coupled to the
inductor and configured to provide a reset voltage to the
inductor that prevents inductor current runaway.

This section 1s intended to provide an overview of subject
matter of the present patent application. It 1s not intended to
provide an exclusive or exhaustive explanation of the inven-
tion. The detailed description 1s included to provide further
information about the present patent application.

BRIEF DESCRIPTION OF THE DRAWINGS

In the drawings, which are not necessarily drawn to scale,
like numerals may describe similar components in different
views. Like numerals having different letter suflixes may
represent different instances of similar components. The
drawings illustrate generally, by way of example, but not by
way of limitation, various embodiments discussed in the
present document.

FIG. 1 1s a circuit schematic of an example of an 1solated
bidirectional power converter.

FIG. 2 1s a block diagram of another example of an
1solated bidirectional power converter.

FIG. 3 1s an 1llustration of an electric vehicle indicating a
high voltage domain of the vehicle and a lower voltage
domain of the vehicle.

FIG. 4 15 an 1llustration of waveforms showing operation
of the power converter circuit of FIG. 1 in the forward
direction.

FIGS. 5A and 5B 1s an 1llustration of waveforms showing
operation of the power converter circuit of FIG. 1 1n the
reverse direction.
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2

FIG. 6 shows wavelorms of a circuit simulation of the
power converter circuit of FIG. 1 for start-up 1n the reverse

buck mode.

FIG. 7 1s a circuit schematic used for the simulation of
FIG. 6.

FIG. 8 15 a flow diagram of an example of a method of
operating a bidirectional power converter circuit.

DETAILED DESCRIPTION

FIG. 3 15 an illustration of an electric vehicle indicating a
high voltage domain (e.g., 400 Volts (V) or 800V) and a
lower voltage domain (e.g., 12V or 48V). In electric
vehicles, a direct current-to-direct current bidirectional con-
verter (DC/DC converter) 1s used to transfer energy from a
high voltage battery pack to a low voltage lead-acid battery.
Because the converter 1s bidirectional, the converter can also
transier energy from the low voltage lead-acid battery to the
high voltage bulky cap on the high voltage battery pack side
or provide high voltage when the high voltage battery 1s not
connected or otherwise absent from the circuait.

FIG. 2 15 a circuit schematic of an example of an 1solated
bidirectional power converter. The power converter includes
a primary circuit side 202, an 1solation transformer 204, and
a secondary circuit side 206. The primary circuit side 202 1s
connected to a supply rail having voltage V, and the sec-

ondary circuit side 1s connected to a supply rail having
voltage V,. Typically, V, (400V-800V) 1s greater than V,

(12V). The primary circuit side 202 has a phase shift full
bridge converter topology and includes capacitor C,,,- and
primary switches M1-M4. The secondary circuit side 206
includes a filter capacitor C, ;. an inductor L, and a full wave
rectifier circuit that mcludes synchronous rectifiers 1mple-
mented with field effect transistors (FETs) SR1 and SR2.

The power converter 1s bidirectional and can convert the
higher voltage V, to the lower voltage V, in the forward
direction, and can convert the lower voltage V , to the higher
voltage V, 1n the reverse direction. However, it 1s not always
straightforward to use the phase shift full bridge topology 1n
the reverse direction to convert low voltage to high voltage
under certain conditions. One 1ssue 1s that in the beginning
of the startup when the high voltage rail 1s smaller than low
voltage rail, the inductor L. cannot reach a volt-second
balance and thus inductor current runaway occurs. The
runaway inductor current can cause damage to components
of the power converter.

FIG. 1 1s a circuit schematic of another example of a
power converter. The power converter circuit 300 1includes a
primary circuit side 302, an isolation transtormer 304, and a
secondary circuit side 306. The circuit example of FIG. 1
also includes a clamp circuit 308 connected to the rectifier
circuit of the secondary circuit side 306. The clamp circuit
308 provides a reset voltage to the inductor L that prevents
inductor current runaway.

The rectifier circuit operates by having the first synchro-
nous rectifier SR1 “ON” and the second synchronous rec-
tifier SR2 “OFF” for the first half of the switching period,
and first synchronous rectifier SR1 “OFF” and the second
synchronous rectifier SR2 “ON” for the second half of the
switching period. The clamp circuit 308 includes clamp
switches AC1 and AC2, and clamp capacitors C; ,,,», and
C~r a7 Bach of the clamp capacitors 1s coupled to the
inductor L and to the clamp switches.

The clamp switches are clamp FETs. One clamp FET and
one clamp capacitor resets the inductor L in each half of the
switching period. A drain/source region of a clamp FET 1s
connected to a source/drain region of an SR FET. The other
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ol the source/drain region of a clamp FET 1s connected to a
clamp capacitor. The clamp FET 1s on only when the SR
FET 1s off. The clamp capacitors help to establish a voltage
at the center leg of the transformer 304 that 1s higher than
voltage V,. As a result, the clamp circuit 308 establishes a
Volt-second balance 1n the imnductor L.

The power converter circuit 300 can be operated in the
forward direction 1n a buck mode 1n which a higher voltage
V', 1s converted to a lower voltage V,. The power converter
circuit can also be operated in the reverse direction in either
a boost mode 1n which a lower voltage V, 1s converted to a
higher voltage V,/n (where n 1s the turns ratio of the
transformer), or a buck mode 1n which V, 1s greater than
V,/m. Without the clamp circuit 308, the center leg of the
transformer 304 would be less than the V, when operating
in the reverse direction leading to runaway inductor current.

FIG. 4 15 an 1llustration of waveforms showing operation
of the power converter circuit 300 1n the forward direction.
The wavelorms include the control signals for FE'Ts M1-M4,
SR1, SR2, AC1, AC2. Wavetorm I, 1s the inductor current.
The I, wavetorm shows the duty cycling (DTs) of the
charging of the inductor. The output 1n the forward direction
1S

Va=(2D)(Vi)in,

where V, 1s the mput voltage, V, 1s the output voltage, n 1s
the transformer turns ratio (n:1:1), and D 1s the switching
duty cycle (0<D=1). The maximum output voltage in the
forward buck mode 1s

VE,,MAX 1s(2/n)(V,),

when the duty cycle D 1s equal to 1.

FIG. 5 15 an 1llustration of waveforms showing operation
of the power converter circuit 300 1n the reverse direction.
In the reverse direction, V, 1s the input voltage and V, 1s the
output voltage. The power converter circuit 300 of FIG. 1
operates 1n a reverse buck mode with V1<V2 when the duty
cycle 1s less than 0.5 (D=0.5). The output 1s

Vi=(2Dn)(V>)

in the reverse buck mode. When the duty cycle increases to
D=0.5 the power converter circuit transitions to a reverse

boost mode V1>V?2 and
Vi=n(V5)(2(1-D)).

As explained previously herein, when the V, voltage 1s
smaller than V2 voltage 1n the reverse buck mode, without
the clamp circuit the mnductor L cannot reach a volt-second
balance and inductor current runaway occurs. The clamp
circuit 308 of FIG. 1 provides active clamping of the
inductor current. FIG. 5 shows that the clamp FET AC1
turns on after FE'T SR2 turns ofl and then turns off right
betore the FET SR2 turns on. The FET AC2 turn on after the
FET SR1 turns off and then turns off right before the FET
SR1 turns on. The activation signals for the AC1/SR2 FET
pair are complementary and non-overlapping as are the
activation signals for the AC2/SR1 FET pair.

When the SR FET of an AC/SR FET pair 1s ON, the
inductor current I, increases and the energy stored in the
inductor L and the clamp capacitors C; 15 and C; 155
goes to the output V, from the secondary circuit side 306.
When the SR FET 1s OFF, 1, decreases and the energy stored
in the mductor L goes to the clamp capacitors.

FIG. 6 shows wavelorms of a circuit simulation of the
power converter circuit 300 for start-up 1n the reverse buck
mode. FIG. 7 1s a circuit schematic used for the simulation.
It can be seen 1 FIG. 6 that the inductor current I,,
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4

decreases during the switching of clamp FET AC1 and
clamp FET AC2 and does not runaway during startup. The
clamping capacitor coupled to clamp FET AC1 discharges
during the portion of the sampling period when clamp FET
AC1 1s active. The clamping capacitor coupled to clamp
FET AC2 charges just before clamp FET AC1 becomes

active. The clamping capacitor coupled to clamp FET AC2
discharges during the portion of the sampling period when
clamp FET AC2 1s active. The clamping capacitor coupled
to clamp FET AC1 charges just before clamp FET AC2
becomes active.

For an overview, FIG. 8 1s a flow diagram of an example
of a method 800 of operating a bidirectional power converter
circuit. The bidirectional power converter circuit may be a
push-pull converter, such as the power converter circuit 300
in FIG. 1 for example. The power converter circuit has a
primary circuit side separated from a secondary circuit side
by a transformer, and the power converter circuit can be
operated 1n a forward direction in which energy 1s delivered
from the primary circuit side to the secondary circuit side
and 1n a reverse direction in which energy is delivered from
the secondary circuit side to the primary circuit side.

At block 805, the power converter circuit 1s operated 1n a
reverse buck mode 1n which the input voltage of the sec-
ondary circuit side 1s higher than the output voltage of the
primary circuit side and energy 1s provided from an inductor
of the secondary circuit side to the primary circuit side. At
block 810, the current of an inductor of the secondary circuit

side 1s limited using a clamp circuit. The inductor current
flows from the inductor of the secondary circuit side to the
primary circuit side.

Clamping the inductor current prevents run away current
from flowing that may cause damage to electrical circuits.
The clamp circuit provides a reset voltage for the inductor
when the output voltage of the higher supply rail 1s lower
than the input voltage of the lower supply rail and lower than
the regulation point during startup of the converter circuit.
The active clamping when the output 1s below the regulation
point prevents the inductor current from running away in the
current-fed push-pull converter, and thus enables bidirec-
tional power transier without the need for pre-biasing the
higher voltage rail during startup of the power converter.
The active clamping can be used when the power converter
circuit operates 1n the forward mode and in either of the
reverse modes to clamp any leakage current spikes of the
inductor.

ADDITIONAL DESCRIPTION AND ASPECTS

A first Aspect (Aspect 1) includes subject matter (such as
a bidirectional power converter circuit) comprising a pri-
mary circuit side including a plurality of primary switches,
an 1solation transformer, and a secondary circuit side sepa-
rated from the primary circuit side by the 1solation trans-
former. The secondary circuit side includes an inductor, a
rectifier circuit coupled to the inductor and configured to
receive energy Ifrom the primary circuit side and provide
energy to the primary circuit side, and a clamp circuit
coupled to the inductor and configured to provide a reset
voltage to the inductor that prevents inductor current run-
away.

In Aspect 2, the subject matter ol Aspect 1 optionally
includes a rectifier circuit including a plurality of synchro-
nous rectifier switches, and the clamp circuit includes a
plurality of clamp switches and a plurality of clamp capaci-
tors, wherein each clamp capacitor of the plurality of clamp
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capacitors 1s coupled to the clamp switches and to the
inductor, and each clamp switch 1s coupled to a synchronous
rectifier switch.

In Aspect 3, the subject matter of Aspect 2 optionally
includes a primary circuit side that includes a full bridge
converter circuit topology, and the rectifier circuit includes
a Tull wave rectifier circuit topology.

In Aspect 4, the subject matter of one or any combination
of Aspects 1-3 optionally includes a power converter circuit
configured to operate to convert voltage i a forward mode
and 1n a reverse mode, and when 1n the forward mode an
input voltage of the primary circuit side 1s higher than an
output voltage of the secondary circuit side, and i the
reverse mode an nput voltage of the secondary circuit side
1s higher or lower than the output voltage of the primary
circuit side.

In Aspect 35, the subject matter of claim 4 optionally
includes a rectifier circuit that includes a plurality of syn-
chronous rectifier switches, and the clamp circuit includes at
least one clamp capacitor coupled to the inductor, and when
the power converter circuit operates 1n the reverse mode and
the input voltage 1s higher than the output voltage, the
inductor current increases and the energy stored in the
inductor and the at least one clamp capacitor tlows to the
primary circuit side when the at least one synchronous
rectifier switch 1s on, and the inductor current decreases and
the energy stored in the inductor flows to the at least one
clamp capacitor when the at least one synchronous rectifier
switch 1s off.

In Aspect 6, the subject matter of one or any combination
of Aspects 1-5 optionally includes a rectifier circuit that
includes a plurality of synchronous rectifier switches, a
clamp circuit that includes a first clamp field eflect transistor
(FET) and a second clamp FET, and the plurality of syn-
chronous rectifier switches include first and second synchro-
nous rectifier switches. A first source or drain region of the
first clamp FET 1s connected to a first source or drain region
of the second clamp FET, a second source or drain region of
the first clamp FET 1s connected to the second synchronous
rectifier switch, and a second source or drain region of the
second clamp FET 1s connected to the first synchronous
rectifier switch.

In Aspect 7, the subject matter of Aspect 6 optionally
includes a clamp circuit includes a first clamp capacitor
coupled to the first clamp FE'T and a second clamp capacitor
coupled to the second clamp FET. The first clamp capacitor
1s charged from the inductor when the second clamp FET
and second synchronous rectifier switch are ofl, and the first
clamp capacitor 1s discharged when the first clamp FET 1s
on, and the second clamp capacitor 1s charged from the
inductor when the first clamp FET and the first synchronous
rectifier switch are off, and the second clamp capacitor 1s
discharged when the second clamp FET 1s on.

Aspect 8 1ncludes subject matter (such as a method of
operating a bidirectional power converter circuit having a
primary circuit side separated from a secondary circuit side
by a transformer) or can optionally be combined with one or
any combination of Aspects 1-7 to include such subject
matter, comprising operating the power converter circuit in
a reverse buck mode 1in which the mput voltage of the
secondary circuit side 1s higher than the output voltage of the
primary circuit side and energy 1s provided from an imnductor
of the secondary circuit side to the primary circuit side, and
resetting a voltage of the inductor 1n the reverse buck mode
to prevent runaway of inductor current of the inductor.

In Aspect 9 the subject matter of Aspect 8 optionally
includes operating a rectifier circuit of the secondary circuit
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side having at least synchronous rectifier switch, and
increasing inductor current when the at least one synchro-
nous rectifier switch 1s on, and decreasing the inductor
current and charging a clamp capacitor of the clamp circuit
using energy stored in the inductor when the synchronous
rectifier switch 1s ofl.

In Aspect 10, the subject matter of Aspect 9 optionally
includes charging the clamp capacitor when a clamp switch
coupled to the clamp capacitor 1s on and discharging the

[

clamp capacitor when the clamp switch 1s off.

In Aspect 11, the subject matter of one or any combination
of Aspects 8-10 optionally includes operating a rectifier
circuit of the secondary circuit side having a first synchro-
nous rectifier field effect transistor (FET) and a second
synchronous rectifier FET, discharging a first clamp capaci-
tor coupled to the inductor and charging a second clamp
capacitor when the first synchronous rectifier FET 1s on, and
discharging the second clamp capacitor and charging the
first clamp capacitor when the second synchronous rectifier
FET 1s on.

In Aspect 12, the subject matter of Aspect 11 optionally
includes discharging the first clamp circuit when a first
clamp FET coupled to the first clamp capacitor 1s on and
discharging the second clamp circuit when a second clamp
FET coupled to the second clamp capacitor 1s on. An
activation signal of the first clamp FET 1s complementary to
an activation signal of the second synchronous rectifier FET,
and an activation signal of the second clamp FET 1s comple-
mentary to an activation signal of the first synchronous
rectifier FET.

In Aspect 13, the subject matter of one or both of Aspects
11 and 12 optionally includes operating a full bridge con-
verter circuit of the primary circuit side.

In Aspect 14, the subject matter of one or any combination
of Aspect 11-13 optionally 1includes transitioning the power
converter circuit from a reverse buck mode to a reverse
boost mode by changing the duty cycle of the first synchro-
nous rectifier FE'T and the second synchronous rectifier FET.

Aspect 15 includes subject matter (such as a power supply
system) or can optionally be combined with one or any
combination of Aspects 1-14 to include such subject matter,
comprising a first supply rail, a second supply rail, and a
voltage converter circuit including: a full bridge converter
circuit coupled to the first supply rail and including a
plurality of primary switches, an 1solation transformer, an
inductor coupled to the isolation transformer, a rectifier
circuit, and a clamp circuit. The rectifier circuit 1s coupled to
the second supply rail and the inductor, and 1solated from the
tull bridge converter circuit by the isolation transformer,
wherein the rectifier circuit 1s configured to receive energy
from the full bridge converter circuit and provide energy to
the full bridge converter circuit. The clamp circuit 1s coupled
to the imductor and configured to provide a reset voltage to
the inductor that prevents runaway of inductor current of the
inductor.

In Aspect 16, the subject matter of Aspect 15 optionally
includes a rectifier circuit including a plurality of synchro-
nous rectifier switches, and the clamp circuit includes a
plurality of clamp switches and a plurality of clamp capaci-
tors, wherein each clamp capacitor of the plurality of clamp
capacitors 1s coupled to the clamp switches and to the
inductor, and each clamp switch 1s coupled to a synchronous
rectifier switch.

In Aspect 17, the subject matter of one or both of Aspects
15 and 16 optionally includes a rectifier circuit including a
tull wave rectifier circuit topology.
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In Aspect 18, the subject matter of one or any combination
of Aspects 135-17 optionally includes a voltage converter
circuit configured to operate to convert voltage 1 a forward
mode and 1n a reverse mode, and when 1n the forward mode
a voltage of the first supply rail 1s higher than a voltage of
the second supply rail, and 1n the reverse mode the voltage
of the second supply rail 1s higher or lower than the voltage
of the first supply rail.

In Aspect 19, the subject matter of Aspect 18 optionally
includes a rectifier circuit including a plurality of synchro-
nous rectifier switches, and the clamp circuit includes at
least one clamp capacitor coupled to the inductor, and when
voltage converter operates 1n the reverse mode and the
voltage of the second supply rail 1s higher than the voltage
of the first supply rail, the inductor current increases and the
energy stored in the inductor and the energy stored 1n the at
least one clamp capacitor flow to the primary circuit side
when the at least one synchronous rectifier switch 1s on, and
the inductor current decreases and the energy stored in the
inductor flows to the at least one clamp capacitor when the
at least one synchronous rectifier switch 1s off.

In Aspect 20, the subject matter of one or any combination
of Aspects 15-19 optionally includes a rectifier circuit
includes a plurality of synchronous rectifier switches, and a
clamp circuit including a first clamp field eflect transistor
(FE'T) and a second clamp FET, and the plurality of syn-
chronous rectifier switches include first and second synchro-
nous rectifier switches. A first source or drain region of the
first clamp FET 1s connected to a first source or drain region
of the second clamp FET, a second source or drain region of
the first clamp FET 1s connected to the second synchronous
rectifier switch, and a second source or drain region of the
second clamp FET 1s connected to the first synchronous
rectifier switch.

These non-limiting Aspects can be combined in any
permutation or combination. The above detailed description
includes references to the accompanying drawings, which
form a part of the detailed description. The drawings show,
by way of illustration, specific embodiments in which the
invention can be practiced. These embodiments are also
referred to herein as “examples.” All publications, patents,
and patent documents referred to 1n this document are
incorporated by reference herein in their entirety, as though
individually incorporated by reference. In the event of
inconsistent usages between this document and those docu-
ments so incorporated by reference, the usage 1n the mcor-
porated reference(s) should be considered supplementary to
that of this document; for irreconcilable inconsistencies, the
usage 1n this document controls.

In this document, the terms “a” or “an” are used, as 1s
common 1n patent documents, to include one or more than
one, independent of any other instances or usages of “at least
one” or “one or more.” In this document, the term “or” 1s
used to refer to a nonexclusive or, such that “A or B”
includes “A but not B,” “B but not A,” and “A and B,” unless
otherwise indicated. In the appended claims, the terms
“including” and “in which” are used as the plain-English
equivalents of the respective terms “comprising” and
“wherein.” Also, 1n the following claims, the terms “includ-
ing” and “comprising” are open-ended, that is, a system,
device, article, or process that includes elements 1n addition
to those listed after such a term 1n a claim are still deemed
to fall within the scope of that claim. Moreover, 1 the
tollowing claims, the terms *“first,” “second,” and *“‘third,”

etc. are used merely as labels, and are not intended to 1impose
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numerical requirements on their objects. Method examples
described herein can be machine or computer-implemented
at least in part.

The above description 1s 1ntended to be illustrative, and
not restrictive. For example, the above-described examples
(or one or more aspects thereol) may be used 1n combination
with each other. Other embodiments can be used, such as by
one of ordinary skill 1n the art upon reviewing the above
description. The Abstract 1s provided to comply with 37
C.F.R. § 1.72(b), to allow the reader to quickly ascertain the
nature of the technical disclosure. It 1s submitted with the
understanding that 1t will not be used to interpret or limit the
scope or meaning of the claims. Also, in the above Detailed
Description, various features may be grouped together to
streamline the disclosure. This should not be interpreted as
intending that an unclaimed disclosed feature 1s essential to
any claim. Rather, inventive subject matter may lie 1n less
than all features of a particular disclosed embodiment. Thus,
the following claims are hereby incorporated into the
Detailed Description, with each claim standing on its own as
a separate embodiment. The scope of the invention should
be determined with reference to the appended claims, along

with the full scope of equivalents to which such claims are
entitled.

What 1s claimed 1s:

1. A bidirectional power converter circuit, the bidirec-

tional power converter circuit comprising:

a primary circuit side including a plurality of primary
switches connected to a primary side iput/output ter-
minal;

an 1solation transformer including a primary winding and
a secondary winding; and

a secondary circuit side separated from the primary circuit
side by the isolation transformer and connected to a
secondary side 1mput/output terminal, wherein the sec-
ondary circuit side includes:
an nductor mncluding a first terminal connected to the

secondary winding and a second terminal connected
to the secondary side mput/output terminal;

a rectifier circuit coupled to the inductor and configured
to receive energy from the primary circuit side and
provide energy to the primary circuit side wherein
the rectifier circuit includes first and second synchro-
nous rectifier switches; and

a clamp circuit coupled to the inductor and configured
to provide a reset voltage to the inductor that pre-
vents mductor current runaway, wherein the clamp
circuit includes

first and second clamp capacitors directly connected to
the second terminal of the inductor and first and
second clamp switches each coupled to the first and
second clamp capacitors;

wherein a first terminal of the first clamp switch 1s
directly connected to a first terminal of the second
clamp switch;

wherein a second terminal of the first clamp switch 1s
directly connected to the second synchronous recti-
fier switch, and a second terminal of the second
clamp switch 1s directly connected to the first syn-
chronous rectifier switch;

wherein the first clamp capacitor 1s coupled to the first
clamp switch and the second clamp capacitor 1s
coupled to the second clamp switch;

wherein the first clamp capacitor i1s charged from the
inductor when the second clamp switch and second
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synchronous rectifier switch are ofl, and the first
clamp capacitor 1s discharged when the first clamp
switch 1s on; and

wherein the second clamp capacitor 1s charged from the
inductor when the first clamp switch and the first
synchronous rectifier switch are ofl, and the second
clamp capacitor i1s discharged when the second
clamp switch 1s on.

2. The bidirectional power converter circuit of claim 1,
wherein the primary circuit side includes a full bridge
converter circuit topology, and the rectifier circuit includes
a full wave rectifier circuit topology.

3. The bidirectional power converter circuit of claim 1,
wherein the bidirectional power converter circuit 1s config-
ured to operate to convert voltage in a forward mode and in
a reverse mode, and when 1n the forward mode an 1nput
voltage of the primary circuit side 1s higher than an output
voltage of the secondary circuit side, and in the reverse
mode an input voltage of the secondary circuit side 1s higher
or lower than an output voltage of the primary circuit side.

4. The bidirectional power converter circuit of claim 3,

wherein when the bidirectional power converter circuit

operates 1n the reverse mode and the mput voltage of
the secondary mput side i1s higher than the output
voltage of the primary circuit side, the inductor current
increases and energy stored in the imductor and at least
one clamp capacitor of the first and second clamp
capacitors flows to the primary circuit side when at
least one of the first and second synchronous rectifier
switches 1s on, and the inductor current decreases and
the energy stored in the inductor flows to the at least
one clamp capacitor when the at least one synchronous
rectifier switch 1s ofl.
5. The bidirectional power converter circuit of claim 1,
wherein the first clamp switch 1s a first clamp field effect
transistor (FET) and the second clamp switch 1s a
second clamp FET.
6. A method of operating a bidirectional power converter
circuit having a primary circuit side separated from a
secondary circuit side by a transformer, the method com-
prising;:
operating the bidirectional power converter circuit in a
reverse buck mode 1n which an mput voltage of the
secondary circuit side 1s higher than an output voltage
of the primary circuit side and energy 1s provided from
an inductor of the secondary circuit side to the primary
circuit side, wherein the inductor includes a first ter-
minal coupled to the transformer and a second terminal
coupled to an input of the secondary circuit side;

operating a rectifier circuit of the secondary circuit side
having a first synchronous rectifier switch and a second
synchronous rectifier switch; and

resetting a voltage of the inductor 1n the reverse buck

mode to limit inductor current to prevent runaway of
inductor current of the inductor,

wherein limiting the inductor current includes charging a

first clamp capacitor directly connected to the second
terminal of the inductor when a first clamp switch
directly connected to the first clamp capacitor 1s on and
the second synchronous rectifier switch is on, discharg-
ing the first clamp capacitor when the first clamp switch
1s ol and the first synchronous rectifier switch is on,
charging a second clamp capacitor directly connected
to the second terminal of the inductor when a second
claim switch directly connected to the first and second
clamp capacitors 1s on and the second synchronous
rectifier switch 1s on, and discharging the second clamp
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capacitor when the second clamp switch 1s off and the
second synchronous rectifier switch 1s on; and

wherein an activation signal of the first clamp switch 1s
complementary to an activation signal of the second
synchronous rectifier switch, and an activation signal of
the second clamp switch 1s complementary to an acti-
vation signal of the first synchronous rectifier switch.

7. The method of claim 6,

wherein the limiting the inductor current includes
decreasing the inductor current and charging one of the
first and second clamp capacitors using energy stored 1n
the mnductor when one of the first and second synchro-

[

nous rectifier switch 1s off.

8. The method of claim 6, wherein the limiting the
inductor current further includes charging one of the first and
second clamp capacitors when one of the first and second
clamp switches 1s on and discharging the one of the first and
second clamp capacitors when one of the first and second

clamp switches 1s ofl.
9. The method of claim 6,

wherein the first synchronous rectifier switch 1s a {first
synchronous rectifier field effect transistor (FET) and
the second synchronous rectifier switch 1s a second
synchronous rectifier FET.

10. The method of claim 9, wherein the operating the
bidirectional power converter circuit in the reverse buck
mode includes operating a full bridge converter circuit of the
primary circuit side.

11. The method of claim 9, further including transitioning
the bidirectional power converter circuit from the reverse
buck mode to a reverse boost mode by changing a duty cycle
of the first synchronous rectifier FE'T and the second syn-
chronous rectifier FET.

12. A power supply system, the system comprising:

a first supply rail and a second supply rail; and

a voltage converter circuit including:

a full bridge converter circuit coupled to the first supply
rail and including a plurality of primary switches;

an 1solation transformer including a primary winding and
a secondary winding;

an i1nductor including a first terminal coupled to the
secondary winding of the i1solation transformer and a
second terminal coupled to the second supply rail;

a rectifier circuit coupled to the second supply rail and the
inductor, and isolated from the full bridge converter
circuit by the i1solation transformer, wherein the recti-
fier circuit includes first and second synchronous rec-
tifier switches and 1s configured to receive energy from
the full bridge converter circuit and provide energy to
the full bridge converter circuit; and

a clamp circuit coupled to the inductor and configured to
provide a reset voltage to the inductor that prevents
runaway ol inductor current of the inductor, wherein
the clamp circuit includes;

first and second clamp capacitors directly connected to the
second terminal of the inductor and first and second
clamp switches each coupled to the first and second
clamp capacitors;

wherein a first terminal of the first clamp switch 1s directly
connected to a first terminal of the second clamp
switch;

wherein a second terminal of the first clamp switch 1s
directly connected to the second synchronous rectifier
switch, and a second terminal of the second clamp
switch 1s directly connected to the first synchronous
rectifier switch;
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wherein the first clamp capacitor 1s coupled to the first
clamp switch and the second clamp capacitor is
coupled to the second clamp switch;

wherein the first clamp capacitor 1s charged from the
inductor when the second clamp switch and second
synchronous rectifier switch are off, and the first clamp
capacitor 1s discharged when the first clamp switch is
on; and

wherein the second clamp capacitor 1s charged from the

inductor when the first clamp switch and the first
synchronous rectifier switch are off

, and the second
clamp capacitor 1s discharged when the second clamp
switch 1s on.

13. The system of claim 12, wherein the rectifier circuit
includes a full wave rectifier circuit topology.

14. The system of claim 12, wherein the voltage converter
circuit 1s configured to operate to convert voltage 1n a
forward mode and 1n a reverse mode, and when 1n the
torward mode a voltage of the first supply rail 1s higher than
a voltage of the second supply rail, and 1n the reverse mode
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ne voltage of the second supply rail 1s higher or lower than

he voltage of the first supply rail.

15. The system of claim 14,

wherein when the voltage converter circuit operates in the
reverse mode and the voltage of the second supply rail
1s higher than the voltage of the first supply rail, the
inductor current increases and the energy stored 1n the
inductor and the energy stored in at least one clamp
capacitor of the first and second clamp capacitors tlows
to the full bridge converter circuit when at least one
synchronous rectifier switch of the first and second
synchronous rectifier switches 1s on, and the inductor
current decreases and the energy stored in the inductor
flows to the at least one clamp capacitor when the at
least one synchronous rectifier switch 1s ofl.

16. The system of claim 12,

wherein the first clamp switch 1s a first clamp field effect
transistor (FET) and the second clamp switch 1s a
second clamp FET.
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